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CLINICAL ARTICLE
Spring-assisted cranioplasty, first introduced by Lau-ritzen et al. in 1998, is a surgical technique for the treatment of patients with sagittal craniosynostosis-
related scaphocephaly.11 Possible advantages of the tech-
nique, as compared with more traditional formal cranial 
vault remodeling, include lower blood loss, transfusion 
requirements, and overall hospital costs,12 while appearing 
comparable in efficacy and safety.13 The biomechanical ef-
fect of spring cranioplasty has been investigated in animal 
models in vivo and in vitro, showing that the procedure 
alters the natural growth vector of the skull,6 produces su-
pra-physiological strains in sutural and parasutural tissue,4 
causes bone thickening,3 and promotes overall global cra-
nial expansion by changing cephalometric angles.8 In par-
ticular, animal models have revealed that springs achieve 
80% expansion after 2 weeks of insertion7 and that 28% 
residual force is found at the time of removal.3
One of the anxieties about spring-assisted cranioplasty 
for scaphocephaly has been the lack of available standard-
ized distractors and surgical approaches, which limits un-
derstanding of the biomechanical interaction between the 
device and the skull and raises concerns about the pre-
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OBJECTIVE Scaphocephaly secondary to sagittal craniosynostosis has been treated in recent years with spring-assist-
ed cranioplasty, an innovative approach that leverages the use of metallic spring distractors to reshape the patient skull. 
In this study, a population of patients who had undergone spring cranioplasty for the correction of scaphocephaly at the 
Great Ormond Street Hospital for Children was retrospectively analyzed to systematically assess spring biomechanical 
performance and kinematics in relation to spring model, patient age, and outcomes over time.
METHODS Data from 60 patients (49 males, mean age at surgery 5.2 ± 0.9 months) who had received 2 springs for 
the treatment of isolated sagittal craniosynostosis were analyzed. The opening distance of the springs at the time of 
insertion and removal was retrieved from the surgical notes and, during the implantation period, from planar radiographs 
obtained at 1 day postoperatively and at the 3-week follow-up. The force exerted by the spring to the patient skull at each 
time point was derived after mechanical testing of each spring model—3 devices with the same geometry but different 
wire thicknesses. Changes in the cephalic index between preoperatively and the 3-week follow-up were recorded.
RESULTS Stiffer springs were implanted in older patients (p < 0.05) to achieve the same opening on-table as in young-
er patients, but this entailed significantly different—higher—forces exerted on the skull when combinations of stiffer 
springs were used (p < 0.001). After initial force differences between spring models, however, the devices all plateaued. 
Indeed, regardless of patient age or spring model, after 10 days from insertion, all the devices were open.
CONCLUSIONS Results in this study provide biomechanical insights into spring-assisted cranioplasty and could help to 
improve spring design and follow-up strategy in the future.
https://thejns.org/doi/abs/10.3171/2017.1.PEDS16475
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dictability of surgical results. Spring opening forces in 
patients have been assessed on the operating table;2,13,15, 17,19 
however, no information is currently available on spring 
biomechanics after implantation, during follow-up, and at 
removal in patients.
Spring-assisted cranioplasty was introduced at the 
Great Ormond Street Hospital for Children (GOSH), 
London, in 2010 for the correction of scaphocephaly in 
sagittal synostosis, using preformed spring devices and a 
standardized surgical approach. The GOSH devices are 
prefabricated torsional springs (The Active Spring Com-
pany) made of stainless steel wire with a central loop and 
an initial opening of 60 mm between the tips at rest, be-
fore implantation (Fig. 1). Three standardized models with 
the same geometry but different wire thicknesses for vary-
ing stiffness are currently in use: models S10, S12, and S14 
with 1.0-, 1.2-, and 1.4-mm thicknesses, respectively. De-
sign standardization ensures reproducibility of the force/
opening behavior for each spring model.
The aim of this study was to fully characterize, through 
a retrospective analysis of available clinical data, the 
GOSH springs and their biomechanical interaction with 
the skull in patients treated for sagittal craniosynostosis. 
In vivo spring mechanical performance and distraction 
kinematics during the time of implantation were derived 
from on-table measurements at insertion and removal and 
from radiographic images at follow-up.
Methods
Surgical Procedure
The procedure for scaphocephaly correction involves 
an 8-cm linear biparietal skin incision with subgaleal 
dissection to the anterior and posterior fontanelles, fol-
lowed by a 15-mm square craniectomy in the center of 
the fused sagittal suture to permit visualization and com-
plete dural dissection up to, and slightly past, the coronal 
sutures anteriorly and the lambdoid sutures posteriorly. 
Two parasagittal osteotomies are fashioned to “free” the 
fused suture from the parietal bones bilaterally. Typically, 
2 springs are inserted in the parasagittal cuts, 1 anteriorly 
and 1 posteriorly; the spring foot plates are positioned in 
small grooves created on the osteotomy lines and trans-
fer the force exerted by the bending of the spring oblique 
arms onto the osteotomy edges. The grooves are typically 
made at the corners of the original craniectomy, but can 
be adjusted anteriorly or posteriorly for cases with asym-
metric scaphocephaly. Spring strength selection is based 
on clinical assessment of the calvarial bone quality and 
surgeon experience: the spring is replaced with a stiffer 
one until satisfactory on-table opening is achieved—3 cm 
from edge to edge of the parasagittal osteotomy. Gener-
ally, the surgeon starts with the model S10 for younger 
patients (age 4 months) and S12 for older patients (age 5 
months and above). The devices are left in situ for approxi-
mately 3 months and then surgically removed. Monitoring 
during these months is provided by planar radiographic 
images (lateral and submental-occipital views) obtained 
at the first follow-up (FU1) 1 day after surgery and at the 
second follow-up (FU2) approximately 3 weeks after sur-
gery.
Spring Mechanics
The GOSH springs follow Hookean behavior: when 
compressed, they exert an outward force directly propor-
tional to the amount of compression they have undergone. 
Therefore, crimping of the spring by the surgeon during 
the procedure to insert the spring in the grooves, which 
consists of decreasing the spring opening distance, trans-
lates into an outward force exerted by the distractor at the 
2 ends (Fig. 2), which is directly proportional to the de-
crease in the spring opening distance (Eq. 1 below).
Two spring samples per model were mechanically 
tested to assess the distractor compressive behavior (ba-
sic force gauge, Mecmesin Ltd.; Fig. 2 left): each spring 
was crimped from the initial opening of 60 mm (rest-
ing conditions) to an opening of 20 mm, similar to the 
crimped size at the time of implant, and back to 60 mm. 
Foot plates (whose contribution to spring stiffness is neg-
ligible) were removed for ease of testing. Forces were re-
corded and values were averaged between the 2 samples 
for each opening stage. Force/opening curves were plot-
ted during both the loading and unloading phase (Fig. 2 
right). Linear trend lines were fitted to the latter since the 
springs progressively unload after implantation, and the 
spring working stiffness (K) was calculated as the slope 
of the trend lines. The final opening postcrimping was 
estimated as the intersection of the trend line with the 
horizontal axis. Two further samples per spring were 
tested at a 30-mm crimped distance instead of 20 mm to 
assess opening recovery and mechanical behavior in case 
of lower crimping.
Patient Population and Image Analysis
All patients referred to the GOSH supraregional Cra-
niofacial Unit with a clinical diagnosis of scaphocephaly 
FIG. 1. A cranioplasty spring model (upper) used at GOSH. Sample 3D 
reconstruction of a patient skull after spring insertion (lower). Figure is 
available in color online only.
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are evaluated by a specialist craniofacial consultant, who 
confirms the diagnosis based on clinical examination and 
radiological imaging as necessary. In the presence of iso-
lated sagittal synostosis with no functional issues in chil-
dren 6 months of age or younger at the time of consulta-
tion, conservative management, modified pi procedure,9 
and spring-assisted cranioplasty are discussed and offered 
as options to the family, who makes the final decision.
We retrospectively reviewed data from 93 consecutive 
cases of sagittal spring cranioplasty performed at GOSH 
between October 2010 and June 2013. Patients with mul-
tiple suture synostosis (5 patients), older than 7 months 
(17), who received more than 2 springs (7), who had com-
plications at follow-up (spring reinsertion or expulsion, 2), 
and whose spring models could not be gleaned from the 
surgical notes (2) were excluded from this study, leaving a 
total of 60 patients.
Information on spring models, opening over time, and 
clinical outcome for these 60 patients was derived from 
the surgical notes and from radiographic images acquired 
preoperatively and postoperatively at the first and second 
follow-ups. Spring opening distance (OP), measured us-
ing a ruler at the time of spring insertion (OPI) and re-
moval (OPR), was retrieved from the surgical notes; spring 
opening distance in situ over time was derived from skull 
planar radiographs in the submental-occipital view at the 
first follow-up (OPFU1) and the second follow-up (OPFU2). 
A previously validated geometric correction was adopted 
for the radiographic measurements to overcome geometric 
distortion due to skull shape and radiographic projection 
angle.10
The relationships between force and spring opening 
distance derived from the mechanical tests were used to 
estimate the force (F) exerted on the skull at each mea-
sured opening, according to the following equation (Eq. 
1): F(t) = K[OP∞ - OP(t)], where K and OP∞ are the stiff-
ness and opening values retrieved from the mechanical 
test of each spring model, respectively, and OP(t) is the 
spring opening distance at the different time points (in-
sertion, first follow-up, second follow-up, and removal). 
A statistical multiple imputation method (implemented in 
SPSS 23, IBM Corp.) for a total of 15 iterations was used 
to account for missing data.
The effects of the spring model and age distribution 
on the opening outcomes were first analyzed. In addition, 
given that 2 different spring models can be used in the 
same child, to assess the effect of the combined spring 
system on each patient, openings of the anterior and poste-
FIG. 2. Mechanical compression test (left) for the cranioplasty spring and graph (right) of the resulting force/opening curves for 
the different spring models at loading (dotted lines) and unloading (dashed lines). For the spring model S12, the linear trend fitting 
(solid line) used for the force calculation is visualized (K is the spring stiffness). Figure is available in color online only.
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rior springs were averaged; thus, we identified 5 subgroups 
according to the spring combination: S10-S10, S10-S12, 
S12-S12, S12-S14, and S14-S14. Similarly, the combined 
force from the 2 springs acting on each patient skull was 
calculated as the sum of the forces of the anterior and pos-
terior springs.
Changes in the cephalic index (DCI), derived from pre-
operative radiographs (CIPRE) and from radiographs ob-
tained at the time of the second follow-up (CIFU2), were 
calculated as a measure of outcome for the overall proce-
dure: DCI = CIFU2 - CIPRE.
Spring Kinematics
The spring kinematics were analyzed using the open-
ing values at the 4 time points, from insertion to removal. 
The skull was considered viscoelastic,14 and the spring 
opening distance was assumed to follow an exponential 
model governed by the time constant t (Eq. 2):
.
In an exponential rise, t is the time at which the ana-
lyzed quantity reaches (1 – 1/e) = 67% of its maximum 
value. In this case, t is the time it takes (from insertion) 
for each implanted spring to reach 67% of its maximum 
opening.
Model fitting was achieved using the nonlinear least 
squares method, implemented in MATLAB (MathWorks). 
The value of the time constant t was calculated for each 
patient, and the normal probability distribution of the data 
was tested after outlier removal (Kolmogorov-Smirnov 
test) to calculate the average and standard deviation of t 
in the population (μt and st, respectively). The following 
2 properties of exponential functions and normal distribu-
tions were combined to assess the timing of spring kine-
matics: 1) an exponential rise reaches its plateau after a 
time T = 5t; and 2) in a normal distribution having a mean 
value μ and standard deviation s, according to Cheby-
shev’s inequality, 97.8% of the population lies within the 
interval [-∞, μ + 2s]. Therefore, at a time T = 5(μt + 2st), 
97.8% of the springs reach the opening plateau.
The value of each spring opening at time T (OPT) was 
extrapolated from the patient exponential fitted curve and 
compared with the opening measured at removal (OPR) to 
assess and validate the analytical method used to describe 
the spring behavior.
Statistical Analysis
The Kolmogorov-Smirnov test was employed to as-
sess group normality. The Wilcoxon rank test or t-test was 
used to analyze the difference in patient age, as well as 
spring opening distance and exerted force, between the 
spring model groups. The Pearson correlation was applied 
to investigate the relationship between age and combined 
force/opening at insertion, first follow-up, second follow-
up, and removal, and DCI, whereas a paired t-test was used 
to perform statistical comparisons between paired results 
at each time point (insertion vs FU1, insertion vs FU2, 
insertion vs removal, FU1 vs FU2, and so forth). Finally, 
a Bland-Altman plot was adopted to highlight the differ-
ences between analytical fitting and real measurements 
for the spring opening distance at removal. A p < 0.05 was 
considered statistically significant.
Results
Spring Mechanics
The spring showed nonlinear behavior at both loading 
and unloading (Fig. 2). The linearized unloading stiffness 
(K) and final opening postcrimping (OP∞) for the differ-
ent spring models are reported in Table 1. In addition, the 
spring mechanical tests highlighted the presence of non-
recoverable deformations due to the yielding of stainless 
steel when the wire was crimped to smaller openings. In-
deed, if crimped to 30 mm only instead of 20 mm (Fig. 3), 
model S14 presented better recovery of the original open-
ing at release but at the expense of 25% lower force when 
compressed. This behavior was less evident for model S10 
TABLE 1. Stiffness and final opening for the 3 GOSH spring 
models
Spring Model
Unloading Stiffness,  
K (N/mm)
Final Opening,  
OP∞ (mm)
S10 0.17 60.7
S12 0.39 57.3
S14 0.68 55.6
FIG. 3. Force/opening curve comparisons for models S10 (upper) and 
S14 (lower), crimped to 20 mm (continuous lines) and 30 mm (dashed 
lines). Arrows indicate the permanent set (unrecoverable expansion) of 
the S14 when crimped to 20 mm before implantation.
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because of the lower stresses that develop in the thinner 
wire, with only 11.2% difference in force and nearly full 
recovery of the opening when unloaded.
Patient Population and Image Analysis
Average patient age at the time of operation for the 
60 selected patients was 5.2 ± 0.9 months (range 3.5–7.0 
months) with a 5:1 male/female ratio. Springs remained 
implanted in the 60 patients for 110.9 ± 53.6 days (range 
28–300 days) from insertion to removal. The time of the 
first follow-up was 1.05 ± 0.22 days (range 1–2 days; 60 
patients), whereas the second follow-up happened after 
22.6 ± 9.0 days (range 6–59 days; 57 patients with avail-
able radiographs). The analyzed population received a to-
tal of 120 springs: 13 model S10, 73 model S12, and 34 
model S14. Patients receiving the S14 were significantly 
older (5.6 ± 0.8 months) than those receiving the S10 (4.7 ± 
0.9 months, p = 0.0036) and the S12 (5.1 ± 0.8, p = 0.0051; 
Fig. 4 left).
Considering the spring combination per patient, only 1 
child had the S10 implanted both anteriorly and posteri-
orly, 23 patients received two S12 springs, and 9 patients 
received two S14 springs. The remaining patients had a 
combination of 2 different spring models in the anterior 
and posterior positions, with no obvious trend for the po-
sition of the stiffer spring: 11 children received one S10 
and one S12, whereas 16 patients had one S12 and one 
S14 (Fig. 4 right). Patients of the S14-S14 group were older 
(6.0 ± 0.7 months) than those in the other groups (S10-S12: 
4.8 ± 1.0 months, p = 0.007; S12-12: 5.2 ± 1.0 months, p = 
0.034; and S12-14, 5.2 ± 0.7 months, p = 0.009), confirm-
ing that older patients received stiffer spring systems.
The combined opening and force plots over time 
showed the progressive spring opening from insertion to 
removal, while spring forces decayed (Fig. 5 and Table 2), 
with a statistical difference in opening and force between 
each consecutive time point (p < 0.001 for each time point 
comparison, except for the second follow-up vs removal 
when p = 0.0247 for opening and p = 0.0296 for force).
In terms of spring opening distance, there was no sta-
tistically significant difference between the 3 spring mod-
els at any point in time except at removal when the S10 
springs opened less than the S12 (p = 0.0231). This was 
confirmed by our analysis of the combined opening as 
overall effect per patient, where only the S12-S12 combi-
nation showed lower opening than S12-S14 at removal (p 
= 0.0332).
However, when considering forces, the S10 exerted 
lower force than the S12 and S14 at both insertion (p < 
0.001 in both cases) and the first follow-up (p = 0.02 and 
0.0019, respectively), and the S12 exerted lower force than 
the S14 at insertion (p < 0.001) and the first follow-up (p 
= 0.001). No statistical difference in force was found be-
tween the models at the second follow-up and removal. 
When studying the combined forces, a statistically sig-
nificant difference was found between each subgroup at 
the time of insertion. The S10-S12 subgroup exerted lower 
combined forces than S12-S14 (p = 0.020) and S14-S14 (p 
= 0.013) at the first follow-up, whereas S12-S12 exerted 
lower combined forces than S14-S14 (p = 0.014) at the 
same time point.
The relationship between combined opening and age at 
insertion (Fig. 6) highlighted a moderate negative correla-
tion at insertion (r = -0.39, p = 0.002), the first follow-up 
(r = -0.27, p = 0.034), and the second follow-up (r = -0.32, 
p = 0.011). No correlation was found at removal. A mod-
FIG. 4. Left: Age distribution for model S10, S12, and S14 springs positioned anteriorly (black squares) and posteriorly (gray tri-
angles). Right: Age distribution for the combined spring system per patient. Asterisks indicate statistically significant differences.
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erate positive correlation was found between combined 
force and age at insertion (r = 0.48, p < 0.001) and the first 
follow-up (r = 0.41, p = 0.001), with no correlation at the 
second follow-up and removal (Fig. 7).
An increase in the cephalic index from preoperatively 
to the second follow-up was negatively correlated with age 
(r = -0.38, p = 0.01; from 45 patients who had both preop-
erative and second follow-up radiographs available; Fig. 8).
Spring Kinematics
The average value of the time constant t retrieved from 
the model fitting (54 patients, after removing 5 outliers 
and 1 case with low goodness-of-fit) was 1.16 ± 0.46 days 
(range 0.46–2.76 days). Thus, the population time T was 
calculated as 10 days, implying that, after 10 days, 97.8% 
of the springs reached the opening plateau.
A comparison between spring opening distance at 10 
days (OPT evaluated by interpolation using the exponential 
model) and the value recorded on the operating table at the 
time of removal (OPR; Fig. 9) showed a good correlation, 
with no bias and an average absolute difference of 0.06% 
± 0.17%.
Discussion
Spring-assisted cranioplasty is an appealing method for 
treating sagittal synostosis–related scaphocephaly, with 
some potential advantages (less surgical time, fewer blood 
transfusions, shorter hospital stay) over the “traditional” 
formal cranial vault remodeling surgery. However, cur-
rent wire form springs for sagittal cranioplasty are often 
shaped in the surgical theater, thus lacking uniformity 
and reproducibility. Studies in the literature to date have 
focused on estimating spring distraction force in patients 
FIG. 5. Combined spring opening distance (left) and force (right) at insertion, FU1, FU2, and removal for each patient. Statistical 
difference was found between measurements at consecutive time points. Asterisks indicate statistically significant differences.
TABLE 2. Summary of spring opening and force values at the 
different time points
Time  
Point
Combined Opening (mm) Combined Force (N)
Mean ± SD p Value Mean ± SD p Value
Insertion 30.1 ± 4.3 0.002 23.7 ± 8.6 <0.001
FU1 43.7 ± 6.0 0.03 10.3 ± 4.7 0.001
FU2 53.1 ± 3.8 0.01 2.5 ± 3.3 NS
Removal 55.0 ± 2.6 NS 1.6 ± 2.4 NS
NS = not significant.
The p values indicate significant correlation with age.
FIG. 6. Distribution of combined spring opening distance values by pa-
tient age, at the different time points.
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at the time of implantation, with no information about its 
dissipation in the long term. In the current study, an engi-
neering approach was applied to assess the performance 
of springs over time in a population of children with sagit-
tal synostosis treated with a preformed set of devices and 
a standardized surgical approach. A numerical model for 
estimating spring force from follow-up in vivo images was 
derived and used to assess spring-skull interaction from 
the time of spring insertion to removal. A population anal-
ysis was performed to understand the differences in me-
chanical behavior and results between spring models, their 
combined effect on each patient skull, and the relationship 
with patient age in terms of final clinical outcome.
Results from the present study are similar to those re-
ported from other centers. The duration of spring treatment 
in our series (110.9 ± 53.6 days, range 28–300 days) was in 
the same time frame as that described elsewhere.2,12,15, 17,19 
The force at insertion in our population (11.4 ± 4.3 N for 
anterior spring, 11.8 ± 4.1 N for posterior spring, resulting 
in a total force of 23.2 ± 7.2 N applied to the skull) was in 
the upper end of the range of forces per device reported in 
other studies (range 5–12 N).2,11–13, 15, 17,19 Spring stiffness is 
not stated in most studies; however, considering the initial 
opening and force recorded from data in the literature, the 
GOSH springs are, on average, stiffer than those used at 
other centers. Analysis of the spring mechanical behavior 
at different crimping distances showed that standardiza-
tion of the implantation procedure is key to achieve pre-
dictable spring forces, as is on-table expansion and final 
spring opening distance. The fact that the distance to 
which the spring is crimped during insertion affects the 
force exerted by the spring and the degree to which it will 
open presents a significant problem in ensuring a precise 
end point. The problem arises from the mechanical prop-
erties of steel. Each time a steel spring is activated, there 
is a small amount of plastic deformation, which means 
that the spring will not fully recover when the forces are 
dissipated. Although precise reproducible manufacturing 
and insertion techniques can reduce the degree of plastic 
deformation, they cannot eradicate the problem, and fu-
ture development should focus on different biocompatible 
materials
Our data indicated a surgeon preference for stiffer 
individual springs in older patients, resulting in a stiffer 
combination of springs acting on each older patient skull 
as compared with the other spring models. This means 
that when analyzing performance of the springs on the 
operating table, there was no difference in the openings 
between the different models as this is driven by the sur-
geon’s choice to implant distractors that provide an initial 
opening of approximately 3 cm. However, when looking at 
the force distribution on the operating table, there are dif-
ferences in the initial force between models since, despite 
the similar openings, stiffer springs provide higher forces 
both individually and when analyzed in combination as a 
system in the patient. To achieve the same initial opening, 
stiffer springs have to be used in older children.
It is interesting to note that with time the differences 
in force applied to the skull by the different models dis-
appeared since all spring models achieved similar open-
ings with similar residual forces at removal. The choice of 
spring model influences the initial behavior of the device 
but not the final result. Furthermore, our spring kinemat-
ics analysis showed that every spring combination in the 
patient population had virtually stopped expanding after 
10 days of insertion, meaning that current devices stop ex-
erting expansion force long before their removal. The in-
herent viscoelasticity of the pediatric skull accommodates 
forces and with time allows full expansion regardless of 
the model used. This is in line with the results in a popu-
lation of rabbits described by Davis et al.,7 in which 80% 
of the expansion was achieved within 2 weeks. In addi-
tion, older patients require larger spring forces and smaller 
FIG. 7. Distribution of combined spring force values by patient age, at 
the different time points.
FIG. 8. Correlation between patient age and the change in cephalic 
index (DCI).
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openings on the operating table as well as at the initial 
follow-up compared with those in younger children, but 
all the springs approximate a plateau after 10 days with 
no evident opening and force differences in older versus 
younger cases. These results raise the question about the 
ideal force required. The clinically selected forces are ad-
equate, but given the fact that all springs reached the same 
end point, it is possible that the same results could have 
been achieved in older children by using springs exerting 
a smaller force. As the effectiveness of a spring lies in its 
ability to exert forces on the patient skull, understanding 
the forces involved in the distraction process will drive 
the design of new distractors. Utilizing this observation, 
our unit is currently developing a modification of our dis-
traction device that aims to dissipate the force in a more 
gradual fashion.
In the present study, the performance of cranioplasty 
springs was assessed in terms of spring opening distance. 
In our cohort, springs opened to a mean of 55.0 ± 2.6 
mm; hence, we believe that all springs achieved satisfac-
tory distraction. Overall assessment of successful cranio-
plasty would require an analysis of satisfactory aesthetic 
outcomes, which depend not only on the spring behavior 
but also on other parameters and external factors such as 
the initial severity of the craniosynostosis and the overall 
skull remodeling.16 While every case of scaphocephaly is 
individual in its aesthetic parameters and bone morphol-
ogy, by undertaking a uniform standardized approach in 
all of these cases, we hereby present a core volume of data 
on which to build up and further this minimal access tech-
nique by creating patient-specific distractors and osteoto-
mies for bespoke outcomes. This is ongoing work within 
our department.
When looking at changes in the cephalic index as a pa-
rameter to assess results of the operation in the geometric 
correction of scaphocephaly, we noticed that the skulls of 
the older patients in our population at the 3-week follow-
up seemed to have reshaped less than those in the younger 
children; that is, the spring may be less effective in the 
treatment of scaphocephaly in older patients, as also re-
ported by other authors.15 Our analysis showed that the 
final spring opening distance was not dependent on age; 
perhaps, despite similar interparietal widening, the antero-
posterior shortening is less pronounced in older patients 
since the skull system is stiffer at this age, with a weaker 
mechanical coupling of the two directions. Further studies 
will be required to assess the long-term effect of the re-
modeling, as the process could just be slower in older chil-
FIG. 9. Bland-Altman plot of the comparison between the spring opening at removal (OPR) and the opening at 10 days (OPT).
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dren, effectively achieving the same skull shape changes 
with time. The cephalic index is an imperfect measure-
ment for assessing the degree of scaphocephaly correction 
as it focuses on only one aspect of the deformity and does 
not take into account other features, such as frontal boss-
ing, bitemporal “pinching,” low posterior vertex, and oc-
cipital protuberance. On-table 3D imaging proved to be a 
suitable means of assessing the long-term effects of spring 
cranioplasty, as demonstrated in a recent publication by 
our group.18
In this retrospective study, we aimed to provide infor-
mation on spring cranioplasty at GOSH between 2010 and 
2013. Current practice in selecting the spring model is to 
test progressively stiffer springs until an on-table opening 
of at least 3 cm is achieved and to record the final spring 
model. Although it may be possible to prospectively as-
sess the long-term outcome of springs in patients who had 
on-table suboptimal spring opening in order to determine 
whether the final outcome is independent of distractor se-
lection (as it appears from these results), our group’s efforts 
are currently directed toward prospectively predicting the 
outcome of spring cranioplasty by means of numerical 
modeling of spring expansion in accurate patient-specific 
models.1 This is a key benefit of standardization of the de-
vices and the technique and allows us to improve surgical 
planning and the process of informed consent in an indi-
vidualized, patient-specific manner.
Finally, 50% of the GOSH spring recovery happens 
on the operating table: such an early, sudden expansion of 
the skull may be undesirable and may be connected with 
device dislodgement, skull erosion, difficulty of spring re-
moval, and other complications reported in spring-assisted 
cranioplasty.2,5,12,19 Current spring distractors, although 
they are performing according to the planned design, may 
be too simple to achieve satisfactory results, presenting 
complications in the short term and suboptimal reshaping 
of the skull as a final outcome, especially in older patients. 
Future studies should address a more complex device de-
sign that allows for larger potential expansions and more 
control of the opening and force exertion during the im-
plantation period.
Conclusions
The GOSH springs employed in the treatment of sag-
ittal craniosynostosis work in a predictable and reliable 
manner: patient age as well as the spring model has an 
initial transitory effect on the spring opening distance and 
force exerted to the patient skull, but long-term results 
show that most of the expansion is achieved within 10 days 
from insertion in all cases. Using precisely manufactured 
spring distractors and avoiding excessive crimping dur-
ing insertion improve the predictability of spring opening 
distance. The choice of distractor is dictated by on-table 
performance, but the pediatric skull accommodates the 
spring force regardless of the initial conditions (spring 
model and patient age). Further understanding of spring 
and skull biomechanics will inspire and guide advances 
in this important surgical technique for the correction of 
scaphocephaly.
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